Kumai Y, Ward MA, Perry SF. ␤-Adrenergic regulation of Na ϩ uptake by larval zebrafish Danio rerio in acidic and ion-poor environments. Am J Physiol Regul Integr Comp Physiol 303: R1031-R1041, 2012. First published September 26, 2012 doi:10.1152/ajpregu.00307.2012.-The potential role of adrenergic systems in regulating Na ϩ uptake in zebrafish (Danio rerio) larvae was investigated. Treatment with isoproterenol (a generic ␤-adrenergic receptor agonist) stimulated Na ϩ uptake, whereas treatment with phenylephrine (an ␣1-adrenergic receptor agonist) as well as clonidine (an ␣2-adrenergic receptor agonist) significantly reduced Na ϩ uptake, suggesting opposing roles of ␣-and ␤-adrenergic receptors in Na ϩ uptake regulation. The increase in Na ϩ uptake associated with exposure to acidic water (pH ϭ 4.0) was attenuated in the presence of the nonselective ␤-receptor antagonist propranolol or the ␤1-receptor blocker atenolol; the ␤2-receptor antagonist ICI-118551 was without effect. The stimulation of Na ϩ uptake associated with ion-poor water (32-fold dilution of Ottawa tapwater) was unaffected by ␤-receptor blockade. Translational gene knockdown of ␤-receptors using antisense oligonucleotide morpholinos was used as a second method to assess the role of adrenergic systems in the regulation of Na ϩ uptake. Whereas ␤1-or ␤2B-receptor knockdown led to significant decreases in Na ϩ uptake during exposure to acidic water, only ␤2A-receptor morphants failed to increase Na ϩ uptake in response to ion-poor water. In support of the pharmacology and knockdown experiments that demonstrated an involvement of ␤-adrenergic systems in the control of Na ϩ uptake, we showed that the H ϩ -ATPase-rich (HR) cell, a subtype of ionocyte known to be a site of Na ϩ uptake, is innervated and appears to express ␤-adrenergic receptors (propranolol binding sites) at 4 days postfertilization. These data indicate an important role of adrenergic systems in regulating Na ϩ uptake in developing zebrafish.
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␤-adrenergic receptor; zebrafish; low pH; ion-poor water; knockdown; ionocyte; H ϩ -ATPase-rich cell IN FRESHWATER (FW) teleosts, ionic constancy of the body fluids in the face of continuous passive ion loss is achieved by the active absorption of ions from the environment. Ion uptake occurs via a specialized subset of epithelial cells, termed ionocytes or mitochondrion-rich cells (MRCs), distributed in the adult gill and on the skin (predominantly on the yolk sac) of larvae. The molecular mechanisms underlying the active uptake of the major ions Na ϩ , Cl Ϫ , and Ca 2ϩ have received considerable attention over the past 80 years. However, there are still several unresolved questions regarding the nature of ion uptake by FW fish (for recent reviews on FW fish osmoregulation, see Refs. 10, 14 -16) .
In response to changes in the environment, FW teleosts modulate their ion transport mechanisms to maintain overall ion homeostasis. In particular, endocrine factors, including cortisol and prolactin, have received significant attention in the modulation of branchial ion transport mechanisms. Cortisol, though initially identified as a "seawater (SW)" acclimation hormone, is now recognized to play an important role in regulating ion balance in FW fish. For example, Lin et al. (22) and Kumai et al. (19) reported that waterborne exposure to cortisol significantly increased Ca 2ϩ and Na ϩ uptake by zebrafish larvae, and a similar stimulation of ion uptake following cortisol treatment was also reported for rainbow trout (11, 21) . In addition, application of cortisol to a cell culture derived from rainbow trout gill led to a significant reduction in paracellular permeability, presumably serving to reduce the passive loss of ions to the environment (4) . Similarly, prolactin is known to reduce membrane permeability (for review see Ref. 24 ) as well as inducing "FW" type ionocytes in Mozambique tilapia (Oreochromis mossambicus) gill (3). The results of these studies clearly indicate the presence of multiple endocrine factors regulating salt balance in FW fish.
In addition to these endocrine factors, neurohumoral agents, such as catecholamines, could contribute to ion homeostasis. In mammals, stimulation of ␤-adrenergic receptors leads to Na ϩ and Cl Ϫ retention by the kidney owing to the activation of various channels and/or transporters including Na ] i ) of brown trout (Salmo trutta) gill pavement cells following treatment with isoproterenol, a nonselective ␤-adrenergic receptor agonist. Although the latter results should be interpreted cautiously (see discussion in Ref. 25) , these two studies suggest that adrenergic systems, in particular those leading to activation of ␤-receptors, are playing a stimulatory role in Na ϩ uptake. On the other hand, Vermette and Perry (41) reported that continuous intra-arterial infusion of rainbow trout with epinephrine significantly inhibited the branchial uptake of both Na ϩ and Cl Ϫ . Although the results of all of these studies support a role of adrenergic systems in the control of Na ϩ uptake, the use of different experimental approaches (gill perfusion versus whole animal studies, isotopic fluxes versus intracellular concentration measurement) makes generalization difficult.
In addition, there are few data concerning the innervation of ionocytes, especially during larval stages before maturation of an endocrine adrenergic response. Although circulating catecholamine could be sufficient to regulate ion uptake, the direct innervations of ionocytes, if observed, would strongly support the neurohumoral regulation of ion uptake in larval fish. To date, only a single study (17) has provided evidence that ionocytes in FW fish are innervated. Specifically, it was reported that Na ϩ -K ϩ -ATPase-rich cells ("NaR" cells) in zebrafish are innervated in both the adult gill and the skin of larvae at 3 days postfertilization (dpf) (for a recent review on gill innervation, see Ref. 18 With this background, the overall objective of the present study was to investigate the potential regulation of Na ϩ uptake by neurohumoral factors in zebrafish larvae. Specifically, we addressed whether 1) catecholamines and other neurotransmitters, including serotonin and dopamine, could affect Na ϩ uptake; 2) whether adrenergic signaling is involved in maintaining Na ϩ balance during exposure of fish to environmental conditions known to challenge Na ϩ homeostasis (exposure to acidic or ion-poor water); and 3) whether HR cells are innervated and express adrenergic receptors. The data clearly demonstrate that HR cells in larvae at 4 dpf are innervated, express ␤-adrenergic receptors, and that adrenergic signaling via these ␤-receptors contribute significantly to the regulation of Na ϩ uptake in zebrafish larvae.
MATERIALS AND METHODS

Experimental animals and husbandry. Adult zebrafish (Danio rerio
Hamilton-Buchanan 1822) were purchased from Big Al's Aquarium Services (Ottawa, ON, Canada) and kept in the University of Ottawa Aquatic Care Facility where they were maintained in plastic tanks supplied with aerated, dechlorinated City of Ottawa tap water at 28°C. Fish were subjected to a constant 14-h light:10-h dark photoperiod and fed daily until satiation with No. 1 crumble-Zeigler (Aquatic Habitats, Apopka, FL). Embryos were collected following the standard method (43) . Briefly, male and female pairs (1 male and 2 female) were placed in a breeding cage, and collected embryos were reared in 50-ml Petri dishes supplemented with dechlorinated City of Ottawa tap water (pH 7.3-7.5) with 0.05% ethylene blue unless otherwise stated. The Petri dishes were kept in incubators set at 28.5°C. Dead embryos were removed, and water was changed daily. As all experiments were performed on 4-days postfertilization (dpf) fish, they were not fed for the duration of the experiment. The experiments were conducted in compliance with guidelines of the Canadian Council of Animal Care (CCAC) and after the approval of the University of Ottawa Animal Care Committee (Protocol BL-226). Unless stated otherwise, all chemicals used for the experiments were purchased from Sigma (Oakville, ON).
Effect of receptor agonist/antagonist treatment on Na ϩ uptake. Na ϩ uptake was assessed in 4-dpf larvae that were acutely treated with selected pharmacological agents (agonists and/or antagonists) for adrenergic (␣ and ␤), dopaminergic, and serotonergic receptors (for the list of pharmacological agents and their targets, see Table 1 ). All pharmacological agents were dissolved in water, and fish were exposed to final external concentrations of 100 M.
Immediately after the addition of pharmacological agents, the rate of Na ϩ uptake was measured using 22 Na. For the measurement, 0.25 Ci
22
Na in the form of NaCl (Perkin Elmer, Woodbridge, ON, Canada) was added to each tube containing larvae to a final activity of 0.15 Ci/ml. Water samples (50 l) were collected at 5 min and 2 h for the later determination of radioactivity. At the end of the 2-h flux period, larvae were killed by overdose with ethyl 3-aminobenzoate methanesulfonate (MS-222; 4 mg/ml, pH ϭ 7.4) and briefly washed in isotope-free water containing high levels of Na ϩ (Ͼ200 mM) to remove any residual radioisotope attached to the surface of the fish. The remaining water in the tube was stored separately for later measurement of the total [Na ϩ ]. For the processing of samples and calculation of influx rate, see Analytical methods and calculation below.
For phenylephrine and clonidine (␣ 1 and ␣2 agonist, respectively), dobutamine and procaterol (␤1 and ␤2 agonist, respectively), and epinephrine and norepinephrine ("natural" adrenergic agonists), in addition to testing the effect of these pharmacological reagents at one dose (100 M), larvae were also treated with these reagents at 1 and 10 M to assess the relative contribution of different adrenergic receptors on Na ϩ uptake regulation. Na ϩ uptake was measured as described above.
Consequence of ␤-adrenergic receptor inhibition on Na ϩ uptake in low Na ϩ and low pH water. Previous studies demonstrated zebrafish increase their Na ϩ uptake capacity in response to soft water (2) or low pH (20) . To assess the potential role of ␤-adrenergic receptors in the response to low pH, larvae were raised in control water until 3 dpf. They were then given one of the following treatments for 24 h: 1) transfer to control water (sham); 2) exposure to acidic water in the absence of any pharmacological reagents; or 3) exposure to acidic water in the presence of propranolol, atenolol, or ICI-118551 (␤-receptor antagonists).Na ϩ uptake was measured as described above using 4-dpf larvae.
To assess the possible role of ␤-receptors in stimulating Na ϩ uptake in response to ion-poor water, 4-dpf zebrafish were subjected to the following treatments: 1) transfer to control water (sham); 2) transfer to ion-poor water for 2 h followed by acute return to the control ([Na ϩ ] ϳ700 M) water; and 3) exposure to ion-poor water as above but in the presence of propranolol, atenolol, or ICI-118551 (the concentration of these blockers was kept at 100 M during dilution of control water by appropriate adjustment of drug quantities). In all cases, Na ϩ uptake was measured in water containing normal levels of Na ϩ (ϳ700 M) as described above. Acidic water (pH ϭ 4; 3.95-4.01) was prepared by adding H2SO4 to Ottawa tapwater. Ion-poor water was prepared by twofold dilution of the control water with deionized water at 15-min intervals until the target [Na ϩ ] (ϳ30 M) was reached (see DISCUSSION for the rationale for using this [Na ϩ ]). Larvae were then left in ion-poor conditions for 2 h (6) Data are presented as means Ϯ SE. ϩ, an agonist; Ϫ, an antagonist. *Significant difference between the control and treatment groups and the number of replicates for each group is indicated in parentheses. Note that when the effect of more than one drug was tested using larvae from a single batch, all treated groups were compared with the same control group. before being transferred back to the control water, in which Na ϩ uptake was measured. No mortality was observed.
Consequences of ␤-receptor knockdown on Na ϩ uptake in ion-poor or acidic water. Fluorescein isothiocyanate (FITC)-tagged antisense oligonucleotide morpholinos targeting the translation start site of zebrafish ␤ 1-, ␤2A-, or ␤2B-receptor mRNA were designed by GeneTools (http://www.gene-tools.com/), whose target specificity was validated in a previous study (for morpholino sequence, see Ref. 36) . The morpholino was prepared to a final concentration of 4 ng/nl in 1ϫ Danieau buffer [in mM: 58 NaCl, 0.7 KCl, 0.4 MgSO 4, 0.6 Ca(NO3)2, and 5.0 HEPES (pH 7.6)] and 0.05% phenol red. Injections were performed using a microinjector system (model IM 300, Narishige, Long Island, NY). For the dose of injected morpholino, see Ref. 36 . Control groups were injected with a standard control morpholino (5=-CCTCTTACCTCAGTTACAATTTATA-3=) that was prepared and injected as the other morpholinos. No significant mortality or deformities were observed in injected larvae.
At 24 hpf, injected larvae were screened for fluorescence, and only FITC-positive fish were raised further and used for the subsequent experiments.
To assess the consequences of ␤-receptor knockdown on Na ϩ uptake, ␤-receptor morphants as well as sham injected larvae were exposed to acidic or ion-poor water as described in Consequence of ␤-adrenergic receptor inhibition on Na ϩ uptake in low Na ϩ and low pH water. The rate of Na ϩ uptake was measured using 4-dpf larvae; for calculation of Na ϩ influx rate, see Analytical tools and calculations.
Immunohistochemistry and visualization of ␤-receptors. To determine whether HR cells are innervated by 4 dpf, larvae were killed with an overdose of MS-222 and fixed overnight at 4°C in a 4% paraformaldehyde solution prepared in PBS. After fixation, larvae were briefly rinsed in PBS and permeabilized in 100% ethanol at Ϫ20°C for 20 min. Subsequently, larvae were rehydrated in 50% and 100% PBS and incubated overnight at room temperature with 5% Triton-X mixed in PBS (PBST) with gentle shaking. Larvae were incubated with a rabbit polyclonal antibody against a highly conserved region of ␣-subunit of H ϩ -ATPase [peptide sequence AEMPADSGYPAYLGAR (13) ] with 100% identity to the corresponding region of the zebrafish ␣-subunit H ϩ -ATPase. The antibody (a generous gift from Dr. M. Uchiyama, University of Toyama) was used at a dilution of 1:2,000. A monoclonal antibody against a generic zebrafish neuronal marker (zn-12; Developmental Studies Hybridoma Bank, University of Iowa) was used at a dilution of 1:250. After several washes in PBS, larvae were incubated with Alexa Fluor-488 conjugated anti-rabbit or alexa-546 conjugated anti-mouse secondary antibodies (1:500, Invitrogen, Burlington, ON) for 1 h at 37°C and mounted onto a glass slide. Samples were observed using confocal microscopy (Leica ZM-510), and images were acquired using commercial software (Zen, Zeiss).
To visualize the distribution of ␤-receptors, 4-dpf larvae were exposed to fluorescently labeled propranolol (Abcam, 100 nM) for 30 min at room temperature. Larvae were killed (MS-222 overdose), washed in PBS, and mounted on a glass slide. To determine the ionocyte subtype expressing ␤-receptors, a separate group of larvae were exposed to Alexa Fluor-488 conjugated concanavalin-A (ConA), a vital dye commonly used to identify HR cells in zebrafish (e.g., 9, 23; 5 g/ml, room temperature for 1 h), MitoTracker Red (Invitrogen; 100 nM, room temperature for 1 h), and propranolol (500 nM, room temperature for 30 min). After staining was completed, larvae were processed as described above. In all cases, samples were observed using confocal microscopy (Leica ZM-510) and images acquired using Zen software (Zeiss). For both staining, protocol was repeated on at least three different occasions with four or more larvae each time.
Analytical methods and calculations. To determine Na ϩ uptake, all collected water samples were supplemented with 5 ml of scintillation cocktail (Biosafe-II, RPI, Mt. Prospect, IL) before radioactivity was measured using a liquid scintillation counter (model LS-6500 Beckman Coulter, Mississauga, ON, Canada). After being rinsed in an isotope-free medium, larvae were digested in a tissue solubilizer (Solvable, Perkin Elmer) overnight at 65°C. After complete digestion, samples were supplemented with 5 ml of the same scintillation cocktail. Samples were then neutralized by adding 400 l of glacial acetic acid before measuring their radioactivity. The concentration of total Na ϩ in the water was measured using flame emission spectrophotometry (model AA260, Varian, Palo Alto, CA). Owing to the limited volume of water, [Na ϩ ] was measured, and hence external specific activity was determined, only at the end of the flux period. It was assumed that, given the typical [Na ϩ ] of the experimental water (700 -1,000 M), Na ϩ influx rate (on the scale of 1 nmol·fish Ϫ1 ·h
Ϫ1
or less)and an even smaller expected net flux of Na ϩ (difference between influx and efflux), changes in total [Na ϩ ] during the flux period would be negligible. The rate of Na ϩ uptake (J in Na pmol·fish Ϫ1 ·h Ϫ1 ) was calculated as follows:
where F is total incorporated radioactivity (DPM, disintegration per minute), SA is specific activity of the medium (DPM/pmol), n is number of larvae per digest (1), and t is the duration of the incubation (h). DPM was calculated by the liquid scintillation counting program after taking quenching and counting efficiency into consideration. Statistical analysis. All statistical analyses were performed and data were graphed with SigmaPlot (version 11, Systat, Chicago, IL). The effect of pharmacological treatment under control conditions (see Effect of receptor agonist/antagonist treatment on Na ϩ uptake) was analyzed using Student's t-test. The consequences of pharmacological inhibition of ␤-receptor in ion-poor and acidic water (see Consequence of ␤-adrenergic receptor inhibition on Na ϩ uptake in low Na ϩ and low pH water) were analyzed using one-way ANOVA. The consequences of ␤-receptor knockdown on Na ϩ uptake in ion-poor and acidic water (see Consequences of ␤-receptor knockdown on Na ϩ uptake in ion-poor or acidic water) were analyzed using two-way ANOVA. When normality or equal variance assumptions were violated (determined automatically by software), data were transformed by calculating log or square root. In all statistical analysis, the significance level was set at P Ͻ 0.05.
RESULTS
Effect of receptor agonist/antagonist treatment on Na
ϩ uptake in normal water. The effects of various receptor agonists/ antagonists are summarized in Table 1 . Na ϩ uptake was stimulated by isoproterenol (␤ϩ) or procaterol (␤ 2 ϩ); there was a strong trend for an increase in Na ϩ uptake following dobutamine (␤ 1 ϩ) treatment (P ϭ 0.06). On the other hand, treatment with phenylephrine (␣ 1 ϩ) and clonidine (␣ 2 ϩ) significantly reduced Na ϩ uptake. Treatment with propranolol (␤Ϫ), phentolamine (␣Ϫ), 5-HT, or dopamine was without effect on Na ϩ uptake ( , N ϭ 12 for all groups).
To better characterize the relative contribution of ␣-and ␤-adrenergic receptors on Na ϩ uptake, dose responses were determined on selected pharmacology. Phenylephrine significantly reduced Na ϩ uptake only at 10 and 100 M dose, whereas clonidine reduced Na ϩ uptake with as low as 1 M (one-way ANOVA, Fig. 1, A and B) . On the other hand, both dobutamine and procaterol increased Na ϩ uptake only at 100 M (one-way ANOVA, Fig. 1, C and D) . When larvae were treated with epinephrine, there was an overall inhibitory trend on Na ϩ uptake (P ϭ 0.028), although post hoc test did not reveal significant difference among different groups (one-way ANOVA, Fig. 1E ). Treatment with norepinephrine significantly increased Na ϩ uptake at 10 M (one-way ANOVA, Fig. 1F) .
Effect of ␤-adrenergic receptor inhibition on Na ϩ uptake in acidic or ion-poor water. When larvae were exposed to acidic water in the presence of propranolol or atenolol, Na ϩ uptake was significantly reduced (Fig. 2, A and B; one-way ANOVA) . On the other hand, Na ϩ uptake was unaffected when larvae were treated with the ␤ 2 -receptor antagonist ICI-118551, (Fig. 2C) . In ion-poor water, Na ϩ uptake was unaffected by treatment of larvae with propranolol, atenolol, or ICI-118551 (Fig. 3, A-C) .
In addition, the treatment of zebrafish larvae with ␣-receptor agonists (phenylephrine or clonidine) after 24 h exposure to acidic water or brief exposure to ion-poor water, markedly reduced Na ϩ uptake, further implying an inhibitory role of the ␣-adrenergic receptor on Na ϩ uptake (data not shown).
Consequences of ␤-receptor knockdown on Na
ϩ uptake in acidic and ion-poor waters. All morphant fish (␤ 1 , ␤ 2A , ␤ 2B, and ␤ 2A /␤ 2B dual morphants) exhibited control rates of Na ϩ uptake (Figs. 4 and 5) . However, when the morphants were exposed to acidic or ion-poor waters, an isoform (subtype)-dependent effect on Na ϩ uptake was observed. Specifically, Na ϩ uptake was reduced in acidic water by ␤ 1 , ␤ 2B , and dual ␤ 2A /␤ 2B knockdown (Fig. 4) , whereas in the fish exposed to ion-poor water, only the ␤ 2A and dual morphants exhibited decreases in Na ϩ uptake (Fig. 5) . It is worth noting that inhibitory effect of ␤-adrenergic receptor knockdown was only marginal (though still significant) in acidic water, whereas ␤ 2A The dose response to selected adrenergic agonists. Whereas phenylephrine (␣1 agonist) significantly reduced Na ϩ uptake at 10 and 100 M (A), 1 M clonidine (␣2 agonist) was sufficient to reduce Na ϩ uptake (B). Both dobutamine (␤1 agonist) and procaterol (␤2 agonist; C and D) increased Na ϩ uptake only at 100 M. Although there was an overall treatment effect in epinephrinetreated group (P ϭ 0.028), post hoc test failed to detect no significant difference between any groups (E). Unlike epinephrine treatment, norepinephrine treatment significantly increased Na ϩ uptake, suggesting that Na ϩ uptake could also be affected by treatment with natural adrenergic agonists (E and F). Data are presented as means Ϯ SE (N ϭ 5-13; P Յ 0.05; Holm-Sidak post hoc test), and different letters denote significant difference among treatment groups.
Na
and dual morphants exhibited no increase in Na ϩ following their exposure to ion-poor water (Figs. 4 and 5) .
Visualization of HR cell innervation and ␤-receptor expression. Numerous HR cells (e.g., 22 ) and an extensive network of nerves (e.g., 17) were detected on the yolk sack of 4-dpf larvae (Fig. 6A) . Upon close inspection, nerve terminals appeared to be making a contact with HR cells (Fig. 6B) , suggesting the innervation of HR cells by 4 dpf.
Similar to H ϩ -ATPase immunostaining, numerous propranolol-bound cells were detected on the yolk sack of 4-dpf larvae. When the larvae were costained with ConA and propranolol, the majority of propranolol-positive cells were also stained with ConA, suggesting that HR cells indeed express ␤-receptors (Fig. 7, A-D) . In addition, there appeared to be a propranolol-positive, ConA-negative population of cells, although in these cells the propranolol staining was relatively weak. These ConA-negative cells were colabeled with MitoTracker, thereby hinting at the presence of another ionocyte group that also harbors ␤-receptors (Fig. 7, E-H) .
DISCUSSION
The present study tested the hypothesis that Na ϩ uptake in zebrafish larvae is under neurohumoral regulation. The data clearly demonstrated stimulatory and inhibitory roles of ␤-and 
Control
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Ion-poor Water +ICI Fig. 3 . The effect of ␤-receptor inhibition on Na ϩ uptake in ion-poor water. Zebrafish larvae (4 dpf) were treated with propranolol (A), atenolol (B), or ICI-118551 (C) during the brief (ϳ3 h) exposure to ion-poor water. In contrast to the data in Fig. 1 , none of the treatment significantly affected Na ϩ uptake. Data are presented as means Ϯ SE (N ϭ 5-7; P Յ 0.01; Holm-Sidak post hoc test), and different letters denote significant difference among treatment groups. Control Acidic Water Acidic Water + ICI Fig. 2 . The effect of ␤-receptor inhibition on Na ϩ uptake in low pH. Zebrafish larvae (4 dpf) were treated with propranolol (A), atenolol (B), and ICI-118551 (C) during the 24-h exposure to acidic water. Both propranolol and atenolol significantly reduced Na ϩ uptake, whereas treatment with ICI-118551 did not affect Na ϩ uptake. Data are presented as means Ϯ SE (N ϭ 5-7; P Ͻ 0.001; Holm-sidak post hoc test), and different letters denote significant difference among treatment groups.
␣-adrenergic receptors, respectively, on Na ϩ uptake, as well as a functional role of ␤-receptor signaling in stimulating Na ϩ uptake when zebrafish are challenged with conditions that promote ion loss (acidic water) or hinder ion uptake (ion-poor water). In keeping with a proposed model for ␤-adrenergic activation of Na ϩ uptake, we provided compelling evidence that a subtype of ionocyte implicated in Na ϩ uptake, the HR cell, is innervated and express ␤-adrenergic receptors.
Neurohumoral regulation of Na
ϩ uptake in zebrafish. Although the autonomic regulation of ion reabsorption in the mammalian kidney has received considerable attention (e.g., 1, 7, 26), a similar role in the fish gill has not yet been established. Thus a first objective of the present study was to determine whether pharmacological manipulation of neurohumoral receptors (adrenergic, serotonergic, and dopaminergic) affected Na ϩ uptake by zebrafish larvae under control conditions. Fig. 4 . The effect of ␤-receptor knockdown on Na ϩ uptake in low pH. Knocking down selected isoforms of ␤-receptors (␤1, ␤2A, ␤2B, and both ␤2) did not affect Na ϩ uptake under control conditions. However, when these morphants were exposed to acidic water for 24 h, Na ϩ uptake was significantly lower in ␤1, ␤2B, and ␤2 dual morphants (A-D). Data are presented as means Ϯ SE (N ϭ 5-7; P Յ 0.05; Holm-Sidak post hoc test), and different letters denote significant difference among treatment groups. uptake in ion-poor water. Knocking down selected isoforms of ␤-receptors (␤1, ␤2A, ␤2B, and both ␤2) did not affect Na ϩ uptake under control conditions. However, when these morphants were briefly exposed to ion-poor water, Na ϩ uptake was significantly lower in ␤2A and ␤2 dual morphants (A-D). Data are presented as means Ϯ SE (N ϭ 4 -7; P Յ 0.05; HolmSidak post hoc test), and different letters denote significant difference among treatment groups.
Na + uptake (pmol/fish
Zebrafish did not respond to 5-HT (serotonergic receptor agonist) or dopamine (dopaminergic receptor agonist; Table 1 ). Although the lack of an effect suggests that signaling mediated by these receptors may not be involved in controlling Na ϩ uptake in developing zebrafish, it is conceivable that longer exposure periods or higher doses might have initiated an effect on Na ϩ uptake. For example, pharmacologically induced synthesis of 5-HT was shown to cause a significant reduction in NaCl intake in rats (31), thus suggesting a possible link between the serotonergic system and overall regulation of salt balance. It is worth noting that because dopamine could act as an agonist for serotonergic as well as adrenergic system when used at sufficiently high concentration, we repeated the dopamine treatment with lower (1 and 10 M) doses. Similar to the treatment with 100 M, lower dose of dopamine was without effect on Na ϩ uptake (data not shown). Treating zebrafish larvae with agonists/antagonists for adrenergic receptors significantly affected Na ϩ uptake. Specifically, ␣-and ␤-adrenergic receptors would appear to play inhibitory and stimulatory roles, respectively, in the control of Na ϩ uptake (Table 1) . Perry et al. (30) reported a similar opposing role of ␣-and ␤-receptors in ionic uptake in rainbow trout, although in their study, activation of the ␣-adrenergic receptor was found to stimulate Cl Ϫ uptake (as opposed to its inhibitory role on Na ϩ uptake reported in the present study). Given these observations, it is likely that the role of ␣-and ␤-adrenergic receptors in ionic regulation depends on the ions and species being studied, and that simple generalizations should be avoided. It would be of interest to assess the consequences of ␣-receptor knockdowns on ion balance in larvae exposed to high [Na ϩ ] conditions, where the fish presumably would attempt to reduce their Na ϩ uptake capacity. We performed an additional series of experiments where larvae were treated with multiple doses (1, 10, and 100 M) of adrenergic receptor agonists/antagonists to better characterize the relative contribution of different receptor subtypes. In this series of experiment, clonidine appeared to be more effective than phenylephrine in reducing Na ϩ uptake (Fig. 1, A and B) . Although this result could be interpreted that ␣ 2 -receptors are more effective in inhibiting Na ϩ uptake in zebrafish larvae, it remains to be tested more rigorously as the permeability of these reagents through larval skin, as well as relative affinity to zebrafish adrenergic receptors might be different between clonidine and phenylephrine. On the other hand, both dobutamine and procaterol affected Na ϩ uptake only at the highest tested dose (100 M; Fig. 1, C and D) . In addition, we also tested whether treatment with natural adrenergic agonist (epinephrine and norepinephrine) could affect Na ϩ uptake in zebrafish larvae. Interestingly, epinephrine and norepinephrine appeared to have an opposing effect on Na ϩ uptake by zebrafish larvae (Fig. 1, E and F) , although no significant difference was detected in post hoc test among epinephrine-treated larvae. While such results are difficult to interpret, as both ␣-and ␤-receptors could be stimulated, one possibility is that epinephrine has higher affinity to ␣ 2 -receptor than norepinephrine. If the greater inhibitory effect seen with clonidine is the result of greater inhibitory effect exerted by ␣ 2 -receptor, the overall inhibitory effect could be sufficient to overcome the stimulatory effect as seen in norepinephrinetreated larvae (Fig. 1, E and F) . Of course, it remains highly speculative and thus future studies utilizing more specific systems [e.g., cell culture expressing zebrafish adrenergic receptor as used in Steele et al. (36) ] would be required to draw significant conclusions.
Stimulation of Na ϩ uptake via ␤-adrenergic receptors in ion-poor and acidic water. As summarized in Table 1 , activation of ␤-receptors stimulates Na ϩ uptake under control conditions. In the present study, we investigated the physiological significance of this phenomenon as a potential regulatory mechanism during exposure of zebrafish to ion-poor or acidic water, two experimental conditions known to increase Na ϩ transport capacity of this species (2, 20) . Boisen et al. (2) reported that, following a 40-day acclimation to ion-poor water, the affinity constant (K M ) and maximal transport capacity (J MAX ) for Na ϩ uptake were halved (from 160 to 74 M) and doubled (525 to 1,160 nmol·g Ϫ1 ·h Ϫ1 ), respectively. Because zebrafish in the present study were exposed to ϳ30 M [Na ϩ ], which is considerably lower than the K M for Na ϩ uptake postacclimation (74 M), it is likely that they experienced significant challenges to maintain their Na ϩ balance. Surprisingly, despite the short duration of exposure to ion-poor water (ϳ4 h including the serial dilution phase), it was sufficient to increase their Na ϩ uptake capacity, as indicated by a significantly greater rate of Na ϩ uptake when those fish were transferred back to control water. Given the short time frame, it is unlikely that the increase in Na ϩ uptake was related to an increase in the synthesis of new Na ϩ transporters. Rather, it seemed more likely that the mechanism underlying the stimulation of Na ϩ uptake could have been caused by a redistribution of an existing pool of proteins and/or an alteration in HR cell apical surface area. In support of the latter idea, Shen et al. (33) in ionocyte morphology in euryhaline medaka (Oryzias latipes) transferred from SW to FW. As predicted, pharmacological blockade of ␤-adrenergic receptors or their knockdown using morpholinos impaired Na ϩ uptake during exposure of larvae to acidic or ion-poor water. However, the extent of the impairment of Na ϩ uptake caused by ␤ receptor loss-of-function varied according to the acclimation regimen (acidic water versus ion-poor water), the mode of inducing loss-of-function (knockdown versus pharmacological blockade), and the specific subtype of ␤-receptor targeted (␤ 1 , ␤ 2A , or ␤ 2B ). The lack of an effect of ␤-blockers in the fish exposed to ion-poor water possibly reflects the relatively short duration of inhibitor treatment (4 h as opposed to 24 h in the fish exposed to acidic water). Additionally, while the knockdown experiments implicated ␤ 1 -and ␤ 2B -receptors in aiding Na ϩ uptake in acid-exposed larvae, only the ␤ 2A -receptors appeared to be involved in stimulating Na ϩ uptake in fish exposed to ion-poor water. Finally, the relative impact of ␤-receptor knockdown was much larger in the fish exposed to ion-poor water, suggesting greater involvement of adrenergic control mechanisms in stimulating Na ϩ uptake at such times compared with the acid-water water condition where ␤-receptor knockdown only partially prevented the full stimulation of Na ϩ uptake. Devic et al. (6) suggested that differential signaling pathways could be activated by ␤ 1 and ␤ 2 pathway in cardiac myocytes, and thus it is possible that in zebrafish, each ␤-receptor might affect Na ϩ uptake differently. Interestingly, Yan et al. (46) reported that exposure to acidic and ion-poor water increased mRNA expression of H ϩ -ATPase and NHE3b, respectively, suggesting environment-dependent recruitment of the Na ϩ uptake mechanism in zebrafish (but see also Ref. 20 for potential involvement of NHE3b in Na ϩ uptake in acidic water). Furthermore, recent studies on cAMP suggest the presence of multiple cAMP hotspots within a cell, where [cAMP] is regionally elevated and potentially could trigger specific localized downstream effects (for a recent review on cAMP signaling, see Ref. 39) . Given these findings, it is conceivable that ␤ 1 -and ␤ 2 -receptors could be affecting different targets to stimulate Na ϩ uptake. A detailed observation of receptor distributions using homologous isoform-specific antibodies (currently unavailable commercially), as well as their interactions with Na ϩ transporters might provide interesting insight on this issue.
Ionocyte innervartion, distribution of ␤-receptors, and origin of catecholamines. Although the innervation of the fish gill at a gross level has been documented extensively (for a recent review, see Ref. 18) , there are surprisingly few data on the direct innervation of ionocytes in FW fish species. To date, only a single study (17) has described the direct innervations of ionocytes (NaR cells) in zebrafish. In the present study, we demonstrated using double immunohistochemistry that HR cells, another subtype of ionocyte primarily responsible for Na ϩ uptake (15) , are also innervated at 4 dpf.
In fish, as in other vertebrates, the catecholamines (epinephrine and norepinephrine) are directed toward target tissues either by secretion directly into synapses as neurotransmitter or by release from chromaffin cells usually resulting in their more widespread distribution. In the present study, we attempted to determine whether the nerves innervating the HR cells are indeed adrenergic by immunostaining the larvae with several commercially available antibodies against tyrosine hydroxylase, a key enzyme for the synthesis of catecholamines. Although various antigen retrieval techniques were attempted, no convincing immunostaining was observed in the yolk sack region or in the brain (which should serve as the positive control for the immunohistochemistry; data not shown). In addition, previous studies that visualized tyrosine hydroxylase either with immunohistochemistry (32) or a transgenic zebrafish line (37) did not report strong staining in the yolk sack region. When we attempted to render the catecholaminergic (dopaminergic/adrenergic) nerves nonfunctional by treating zebrafish larvae with 6-hydroxydopamine [for 3 days at 500 M, a dose previously shown to selectively destroy catecholaminergic nerve ending in zebrafish larvae (5)] and then to assess the impact on subsequent exposure to acidic or ion-poor water, no stimulation of Na ϩ uptake was observed (data not shown). Although consistent with our view that adrenergic nerves are involved in activating Na ϩ uptake, the results should be interpreted with caution because the 6-hydroxydopamine-treated group exhibited a higher rate of Na ϩ uptake than the ion-poor water-exposed group (thus further increases may not have been necessary). Alternatively, ␤-receptors could be activated by catecholamines secreted from chromaffin cells. By 2 dpf, chromaffin cells (identified by in situ hybridization for dopamine ␤-hydroxylase) are present in the interrenal region (38; for review see Ref. 47) . It is possible therefore that by 4 dpf, catecholamines secreted from these chromaffin cells are able to activate ␤-adrenergic receptors on the HR cells. The use of the transgenic zebrafish line cloche, where development of endothelial as well as blood cells are completely prevented (see Ref. 35) , might yield interesting insight into the role of chromaffin cell-derived catecholamines in osmoregulation, although passive diffusion of catecholamine throughout the body might be sufficient to activate ␤ receptor on the target tissue (yolk sack) during the early development.
Although the exact origin of the catecholamines that activate adrenergic receptors remains unknown, to further confirm an involvement of ␤-adrenergic systems in Na ϩ uptake, the distribution of ␤-receptors was visualized by vital staining of larvae with fluorescently labeled propranolol. As expected from the flux data, strong staining was observed on HR cells (stained with ConA; Fig. 7C ). Weak staining was also observed in some ConA-negative cells, which appeared to colocalize with MitoTracker (Fig. 7, E-H) . Because MitoTracker is known to stain both NaR and HR cells, but more prominently NaR cells (23; but also see Ref. 9), the subpopulation of ConA-negative, propranolol-positive ionocyte is likely to be composed of NaR cells. It should be noted, however, that isoproterenol treatment had no effect on Ca 2ϩ uptake (a putative function of NaR cells) in 4-dpf zebrafish larvae (Y. Kumai and S. F. Perry, unpublished data).
It is also interesting to note that no strong staining in the heart was observed (Fig. 7) despite the previous report that ␤-receptors, at least at the mRNA level, are highly expressed in zebrafish cardiac tissue (36) . When the fish were exposed to both fluorescent propranolol (100 nM) and nonfluorescent propranolol (100 M), the propranolol staining was significantly reduced (data not shown), demonstrating that fluorescent propranolol is at least capable of binding to the same target as the "conventional" propranolol, which has been shown to bind to zebrafish ␤-receptors in vitro (36) . Although the discrepancy is puzzling, it is possible that the conjugation of fluorescent molecule to propranolol renders it less permeable and thus less likely to penetrate the heart tissue.
Integrating the regulatory mechanisms of Na ϩ uptake; cortisol and catecholamines. We recently observed that cortisol, acting chiefly through the glucocorticoid receptor (GR), is capable of increasing Na ϩ uptake (19) , most likely by inducing the recently proposed Rhcg-NHE functional metabolon (20, 34, 44, 45) . Given the stimulation of Na ϩ uptake via ␤-adrenergic receptors reported here, it would be interesting to determine whether these two mechanisms act synergistically or rather target independent proteins. One such interaction between GR-mediated signaling and ␤-adrenergic receptors was recently proposed by Mu et al. (26) , where it was reported that ␤-adrenergic receptor activation could regulate the transcription of WNK4 via GR, which prevents the reduction in Na ϩ -Cl Ϫ cotransporter (NCC) and ultimately caused the salt-sensitive hypertension in mice. Although NCC was shown to play a role in Na ϩ uptake in zebrafish (42) , this transporter is not highly expressed in HR cells (16) . Given the observation that ␤ receptors are predominantly expressed on HR cells (Fig. 7) , it is unlikely that NCC is a primary target of the observed adrenergic regulation. On the other hand, cAMP, a downstream signaling messenger synthesized following the activation of ␤-receptors, is known to play a key role in regulating H ϩ -ATPase. In acid-secreting epithelial cells such as A-type kidney intercalated cells (27, 28) and epididymas clear cells (29) , cAMP is responsible for apically accumulating H ϩ -ATPase. Tresguerres et al. (40) reported a similar cAMP-mediated translocation of H ϩ -ATPase in dogfish shark gill, though in this case the H ϩ -ATPase was trafficked toward the basolateral membrane. Because previous research has demonstrated a key role for H ϩ -ATPase in Na ϩ uptake in zebrafish (2, 9, 20) , it is not unreasonable to suggest that the observed effects of ␤-adrenergic receptor activation on Na ϩ uptake are caused by an apical accumulation of H ϩ -ATPase via cAMP. Indeed, when zebrafish larvae were treated with a membrane-permeable cAMP analog, Na ϩ uptake was significantly increased (Y. Kumai and S. F. Perry, unpublished observation), suggesting that, as expected from the stimulatory role of ␤-adrenergic receptor, cAMP is involved in Na ϩ uptake regulation. However, as discussed above, it is also possible that multiple Na ϩ transporters are affected by ␤-receptors in an isoform-dependent manner. A detailed examination of how each ␤-receptor affects Na ϩ uptake may shed light onto the potentially complex regulatory networks associated with adrenergic signaling in zebrafish ionocytes.
Perspectives and Significance
This is the first study to investigate the significance of adrenergic regulation of Na ϩ uptake in a developing fish. The finding that HR cells are innervated and express ␤-receptors by 4 dpf extends the previous report by Jonz and Nurse (17) of innervated NaR cells and indicates that the uptake of several ions could be neuronally regulated in developing zebrafish. Pharmacological and functional knockdown experiments demonstrated that both ␣-and ␤-adrenergic systems play an opposing, important role in regulating Na ϩ uptake. Potentially, different subtypes of ␤-receptors could be involved in stimulating Na ϩ uptake under different environmental conditions.
The present study raises several interesting questions, such as: 1) whether different ␤-receptors are distributed differently among the various ionocytes; 2) how cAMP, a downstream signaling agent following activation of ␤-adrenergic receptors, ultimately affects Na ϩ uptake; and 3) how multiple regulatory mechanisms of Na ϩ uptake, most notably involving catecholamines and cortisol, orchestrate their actions to maintain overall Na ϩ homeostasis in fluctuating FW environment. Research is currently underway to elaborate on these complex regulatory mechanisms of Na ϩ uptake in zebrafish.
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